The administration of 75 % nitrous oxide to Sprague-Dawley rats for 24 h on day 9 of pregnancy results in adverse reproductive and teratogenic effects (Fink, Shepard and Blandau, 1967; Lane et al., 1980; Mazze et al., 1984; Keeling et al., 1986) . However, the minimum toxic concentration of nitrous oxide administered for 24 h on day 9 is unknown although, in a previous investigation , we showed that 25 % nitrous oxide was devoid of adverse effects. It is unknown also whether the administration of other central nervous system depressant drugs in combination with nitrous oxide, as is practised in clinical anaesthesia, would increase its reproductive toxicity. The present study was designed to answer these questions. Our first goal was to determine the threshold of reproductive toxicity of nitrous oxide in Sprague-Dawley rats; our next was to determine whether fentanyl, in combination with the nitrous oxide, altered this threshold.
MATERIALS AND METHODS
Three separate studies were performed utilizing the same design (table I). A total of 419 timedpregnant Sprague-Dawley rats were obtained from the breeder (Hilltop Lab Animals, Inc., Scottdale, Pennsylvania 15683) on day 6 of pregnancy and individually labelled with metal ear tags. (The day a plug was observed in the vagina was defined as day 1 of pregnancy.) Rats were weighed on arrival and assigned to six groups of approximately equal average weight (table II) housed four per cage and fed standard laboratory rodent food and tap water ad libitum. Temperature in the animal room was maintained at 21-24 °C and artificial light was provided from 6 a.m. to 7 p.m. each day.
On day 7 of pregnancy, osmotic minipumps (Alzet mini-osmotic pump; Alza Corporation, Palo Alto, California 94304) were implanted subcutaneously in the back of the rats under general anaesthesia obtained with an i.m. injection of 0.3 ml kg" 1 of a mixture containing ketamine 60 mg ml" 1 , xylazine 6 mg ml" 1 and acepromazine l^mgml"
1 . The osmotic minipump is a selfpowered pump which utilizes osmotic pressure to deliver its contents continuously and at a constant rate (Theeuwes and Yum, 1976 ). We used model 2002 which is 3.0 cm long by 0.7 cm in diameter and delivers 1 ul h" 1 for 2 weeks. The total daily dose of fentanyl, 500 ug kg" 1 , was based on the average starting dam weight of 212 g. To achieve this dose, a 0.44% solution of fentanyl was prepared from fentanyl-citrate powder (Janssen Pharmaceutica, Inc., 40 Kingsbridge Road, Piscataway, New Jersey 08854) dissolved in normal saline. For the control and nitrous oxide alone groups, the pumps were filled with physiological saline.
On day 9 of pregnancy, nitrous oxide was administered to the rats which were in gas-tight, Plexiglas chambers of approximately 1000-litre capacity. They were placed in the chambers in their cages without food or water. Medical grade nitrous oxide and oxygen were delivered to the chambers and were mixed with room air to achieve the desired nitrous oxide and oxygen concentrations. Rats in the control and fentanyl alone groups were exposed to room air simultaneously in another chamber. Nitrous oxide concentrations were monitored continuously with Miran 1A-1F infra-red analysers and were recorded on stripchart recorders; they were maintained within 5 % of the desired value. Oxygen concentration was monitored continuously with IL402 analysers and was maintained at 22-25 %. Exposure was started at 9 a.m. on day 9 of pregnancy and continued until 9 a.m. on day 10 of pregnancy. All rats were weighed before and after exposure and every 2-4 days during the study. Rats that died during exposure to nitrous oxide were subjected to limited autopsy to determine if they were pregnant.
On day 21 of pregnancy, 1 day before delivery was expected, rats were sacrificed by carbon dioxide inhalation and Caesarean sections were performed. The uterus was examined and the number and position of live and dead fetuses, resorptions and implantations were recorded. The weight and sex of each live fetus were determined and each fetus was examined for external abnormalities. Every other fetus was fixed in 70% ethanol and macerated with potassium hydroxide. The skeleton was then stained with alizarin red S using the modified method of Staples and Schnell (1964) , cleared with glycerol and subsequently examined microscopically for skeletal abnormalities. The remainder of the fetuses were preserved in Bouin's solution and subsequently dissected and examined microscopically for visceral abnormalities as described by Barrow and Taylor (1967) . All examinations were made without knowledge of the treatment group.
Abnormalities were classified as follows. Fetal morphological abnormalities that altered general body conformation, disrupted or interfered with bodily functions, or generally were incompatible with life were categorized as major malformations. Abnormalities in anatomical structure that were considered to have no significant biological effects on the rats' health or on their body conformity and represented only slight deviations from normal were categorized as developmental variants. Abnormalities which were not within the strict definition of major malformations, but which clearly were not developmental variants, were categorized as minor anomalies. Fetuses weighing 25 % less than the mean weight of their litter were classified as runts.
Statistical analyses
The percentage of fetuses affected in each litter was computed for each type of abnormality. Data were analysed by chi-square analysis and by analysis of variance (ANOVA). Student's t test, corrected for multiple analysis, was used as an a posteriori test when differences were found with ANOVA. P < 0.05 was considered statistically significant.
RESULTS
The results of the three studies were combined, since the design of the studies was identical and, when analysed separately, there were no differences in any of the variables among the three control groups.
Maternal effects
Three group 4 rats (35 % nitrous oxide + fentanyl) died within 24 h after implantation of the pump (table II) . Rats exposed to 35% and 50% nitrous oxide appeared only mildly sedated. They rested quietly during most of the exposure, occasionally changing their posture and walking about the cage. Rats exposed to the combined treatment, particularly 50% nitrous oxide plus fentanyl, were more sedated. They appeared to sleep during most of the exposure and changed position only infrequently. One rat in group 2 (fentanyl), 10 rats in group 4 and 41 rats in group 6 (50 % nitrous oxide + fentanyl) died during the period of exposure. Weight loss during the 24-h exposure was significantly greater than control in all of the fentanyl treated rats (groups 2, 4 and 6) and in the 50% nitrous oxide group (group 5). However, body weight on day 21 of pregnancy and total weight gain during the investigation were significantly less than control only in rats from groups 5 and 6 (table II) .
Reproductive effects
There were no differences in the overall rate of pregnancy and in the total number of implantations among all the groups (table III) . However, the total number of live fetuses per rat was significantly less, and the total number of resorptions per rat and the post-implantation fetal loss were significantly more in groups 5 and 6 rats than in the control group (group 1). The pregnancy rate among rats examined at Caesarean section was significantly less in group 6 than in the control group.
Teratogenic effects
A total of 2693 offspring were delivered and all were examined for external abnormalities. Subsequently, 1346 fetuses were examined for visceral and 1347 for skeletal abnormalities. The results of fetal examinations are shown in table IV. There were no significant increases in external abnormalities in any of the groups. The incidence of major and minor visceral abnormalities and of minor skeletal anomalies were increased in groups 5 and 6 rats, but the differences between the two groups were not significant. Similarly, there were increases in minor skeletal anomalies in rats in groups 5 and 6. Skeletal development variants were increased in groups 4 and 6 (combined treatment), but not in the corresponding nitrous oxide alone groups. The difference between groups 5 and 6 was statistically significant.
DISCUSSION
In 1967, Fink, Shepard and Blandau first reported that nitrous oxide was teratogenic in rats. Later, the same group (Shepard and Fink, 1968) exposed Sprague-Dawley rats to 70% nitrous oxide for 24 h on various days of pregnancy and noted that the incidence of skeletal malformations was highest after exposure on days 8-10 of pregnancy. These results were confirmed by Lane and colleagues (1980) who exposed Sprague-Dawley rats, for 24 h on day 9 of pregnancy, to 70-75 % concentrations of nitrous oxide, nitrogen or xenon in oxygen, or to room air. Only treatment with nitrous oxide led to an increase in the incidence of resorptions and major soft tissue and skeletal anomalies. Xenon is a slightly more potent anaesthetic than nitrous oxide. The fact that it did not cause teratogenic effects suggests that the results with nitrous oxide are drug-specific and are not related to the properties of anaesthetics in general. In our laboratory, we exposed Sprague-Dawley rats to 0.75%, 7.5%, 25% and 75 % nitrous oxide for 24 h on day 9 of pregnancy and found significant increases in the incidences of resorptions and structural abnormalities with 75 % nitrous oxide, but not with 25 % nitrous oxide or less (Mazze et al., 1984) . Similarly, Keeling and co-workers (1986) noted an increased incidence of skeletal malformations in SpragueDawley rats exposed to 70-75 % nitrous oxide on day 9 of pregnancy. They also reported that pretreatment with folinic acid partially reduced the teratogenic effects of nitrous oxide.
From these studies it is clear that 75 % nitrous oxide causes adverse reproductive effects when administered for 24 h on day 9 of pregnancy. However, until the present study, the minimum toxic concentration of nitrous oxide has not been known. We now have this information: 35 % nitrous oxide is not associated with adverse reproductive effects when administered for 24 h on day 9 of pregnancy, but 50% nitrous oxide causes increased fetal loss, major and minor visceral malformations and minor skeletal anomalies.
Given this information, we could then determine whether the combination of nitrous oxide and another central nervous system depressant drug, fentanyl, altered the threshold of reproductive toxicity of nitrous oxide. In a previous study (Fujinaga, Stevenson and Mazze, 1986) , we administered fentanyl either 10 or 100 ug kg" 1 / day to Sprague-Dawley rats throughout pregnancy or 500 ug kg~yday on days 3-17 of pregnancy using chronically implanted, subcutaneous, osmotic minipumps. The 500-ug kg'yday dose was associated with plasma fentanyl concentrations of 8.5 ng ml" 1 (clinical therapeutic range: 0.5-2.5 ng ml" 1 in general surgery (McQuay et al., 1979) ; 5-10 ng ml" 1 in cardiac surgery (Bovill and Sebel, 1980) ) and was the largest dose we could administer with osmotic minipumps without producing respiratory depression. In our study, no adverse reproductive effects were observed with any dose of fentanyl. Single daily bolus doses of fentanyl 100 ug kg" 1 administered s.c. caused significant respiratory acidosis so the use of osmotic minipumps permitted administration of larger doses than would otherwise have been possible (R. I. Mazze and M. Fujinaga, unpublished observation) . They also obviated the need for daily drug injections-a traumatic procedure, and a potentially confounding factor in teratology experiments.
In the present study, the administration of nitrous oxide on day 9 of pregnancy caused significant maternal toxicity in the combined treatment groups as demonstrated by a 14 % intraanaesthetic mortality rate for the 35% nitrous oxide + fentanyl group and a 55 % mortality rate for the 50 % nitrous oxide + fentanyl group (table  II) . There were no intra-anaesthetic deaths in the rats treated with nitrous oxide alone. Thus, the combined treatments clearly were stressful and, in fact, the 50% nitrous oxide + fentanyl dose was slightly greater than the LD 60 . In spite of this, there was only one developmental effect which could be attributed to the combined treatment that was not seen in either of the groups of rats treated with nitrous oxide alone, that is, an increased incidence of skeletal developmental variants in both nitrous oxide + fentanyl groups (table IV) . The significance of developmental variants in teratology studies has been examined by Lansdown and associates (1976) who administered halothane to Sprague-Dawley rats, and by Kimmel and Wilson (1973) . These authors concluded that developmental variants generally should not be considered malformations. In the latter study, only extra 14th ribs (not seen in our study) were indicators of teratogenic potential and, at that, only when the test drug was administered in a greater dose than that which caused the developmental variants. Other developmental variants were not reliable signs of teratogenic potential, although they may indicate other developmental abnormalities, such as intrauterine growth retardation. Thus our results suggest that the addition of fentanyl to nitrous oxide does not lead to an increased incidence of biologically significant anatomical abnormalities.
The only other toxic reproductive effect seen in a combined treatment group, which was not present in the corresponding nitrous oxide alone group, was the decreased pregnancy rate among 50% nitrous oxide + fentanyl treated rats examined at Caesarean section (table III) . Only 48 % of these rats were pregnant, compared with 76 % of rats treated with 50 % nitrous oxide and 75% of control rats. We cannot adequately explain this finding. Implantation of the rat embryo occurs on day 5-6, that is, before there was any intervention in the present study. Had fetal loss occurred secondary to pump implantation on day 7, all fentanyl groups should have been equally affected; this did not occur. Alternatively, if the rats in group 6 were pregnant and the fetuses died at the time of nitrous oxide exposure on day 9, there should have been evidence of this at the time of Caesarean section on day 21. There was an increased incidence of early resorptions in group 6 rats compared with control animals, but this incidence was the same as in rats treated with 50% nitrous oxide alone (group 5) having a higher pregnancy rate. Finally, it is possible, although unlikely, that there were increased fetal deaths in group 6 rats at the time of exposure and complete resorption of the fetuses occurred by day 21 when examinations were performed. All of these findings are not internally consistent, so we can do no more than report the observation.
The clinical significance of this study remains to be considered. Nitrous oxide is rarely administered alone, rather it is usually combined with other inhaled or i.v. anaesthetics. For that reason, we administered fentanyl with nitrous oxide at concentrations that were just above (50%) and just below (35 %) the threshold value of reproductive toxicity in Sprague-Dawley rats. Combined treatment did not alter this threshold value. Other investigators have considered diis problem and have administered nitrous oxide in combination with halothane. For example, Bussard and colleagues (1974) administered 60% nitrous oxide with 0.6% halothane to pregnant hamsters and found an increased incidence of resorptions and decreased fetal weight. Coate, Kapp and Lewis, (1979) administered several combinations of nitrous oxide and halothane to Sprague-Dawley rats and observed decreased fertility in treated animals compared with controls. However, in both of these studies the effects of treatment with nitrous oxide alone and with halothane alone were not considered separately, so it is not possible to determine if additive toxicity occurred. Pope and co-workers (1978) administered 1-50% nitrous oxide alone, 0.16-0.32% halothane alone and the combination of 10% nitrous oxide and 0.16% halothane to Sprague-Dawley rats for 8 h per day throughout pregnancy. They observed slight growth retardation as a consequence of the combined treatment, but there were no significant teratogenic or toxic reproductive interactions of the two drugs. We designed our study to detect additive toxicity if any were present, but we observed none.
Extrapolation of the results of this study to clinical practice, as with the results of any animal toxicity study, should be done with caution. With that caveat in mind, we conclude that the administration of fentanyl with nitrous oxide does not carry with it any liability for adverse reproductive effects above that which may be attributed to the administration of nitrous oxide alone. The latter treatment has never clearly been established to cause adverse reproductive effects in humans (Mazze, 1986; Crawford and Lewis, 1986) .
